Clinically significant elevations in the expression of manganese superoxide dismutase (Sod2) are associated with an increased frequency of tumor invasion and metastasis in certain cancers. The aim of this study was to examine whether increases in Sod2 activity modulate the migratory potential of tumor cells, contributing to their enhanced metastatic behavior. Overexpression of Sod2 in HT-1080 fibrosarcoma cells significantly enhanced their migration 2-fold in a wound healing assay and their invasive potential 3-fold in a transwell invasion assay. Severity of invasion was directly correlated to Sod2 expression levels and this invasive phenotype was similarly observed in 253J bladder tumor cells, in which Sod expression resulted in a 3-fold increase in invasion compared with controls. Further, migration and invasion of the Sod2-expressing cells was inhibited following overexpression of catalase, indicating that the promigratory/ invasive phenotype of Sod2-expressing cells is H 2 O 2 dependent. Sod2 overexpression was associated with a loss of vinculin-positive focal adhesions that were recovered in cells coexpressing catalase. Tail vein injections of Sod2-GFPexpressing HT-1080 cells in NCR nude mice led to the development of pulmonary metastatic nodules displaying high Sod2-GFP expression. Isolated tumors were shown to retain high Sod2 activity in culture and elevated levels of the matrix degrading protein matrix metalloproteinase-1, and a promigratory phenotype was observed in a population of cells growing out from the tumor nodule. These findings suggest that the association between increased Sod2 activity and poor prognosis in cancer can be attributed to alterations in their migratory and invasive capacity. [Cancer Res 2007; 67(21):10260-67] 
Introduction
A hallmark of malignancy and a primary cause of morbidity and mortality in cancer patients is metastasis. Tumor metastasis is a multistep process initiated by migration and invasion of cells into the surrounding vasculature. This is followed by extravasation from the circulation and proliferation at a secondary site where the formation of a metastatic lesion occurs (1) . A key process in the initial movement and subsequent invasion of neoplastic cells into the circulatory system is the remodeling of the extracellular matrix (2) . Whereas the complete mechanism by which migration and invasion occurs is not completely defined, further insight into the regulation of this cascade of events may allow for novel therapeutic strategies.
Emerging evidence has implicated reactive oxygen species (ROS) and the activation of redox-sensitive signaling pathways in invasion and migration (3) (4) (5) (6) . Intrinsic antioxidant enzymes are vital to the regulation of oxidative stress within cells. Of these, one of the primary cellular antioxidants, superoxide dismutase (Sod), catalyzes the conversion of superoxide (O 2 ÁÀ ) to hydrogen peroxide (H 2 O 2 ), which can then be removed by catalase (CAT), glutathione peroxidase, or peroxiredoxins. In vitro studies have shown that a number of cancer cell lines contain elevated levels of mitochondrial manganese-containing superoxide dismutase (Sod2) and decreased levels of CAT, and that this change in steady-state levels of H 2 O 2 correlates with increased metastasis, proliferation, and resistance to apoptosis (7, 8) . Epidemiologic evidence has also linked a single nucleotide polymorphism in Sod2, which increases its activity, to risk of developing breast (9) and prostate (10) cancers. An essential and rate-limiting step in metastasis is the remodeling and degradation of the extracellular matrix and basement membrane by proteolytic enzymes (11) (12) (13) . In this model, cells must interact with surrounding stromal cells, leading to the loss of matrix function and resulting in a compromised matrix boundary (11) (12) (13) . Matrix metalloproteinases (MMP) are major contributors of stromal degradation and are vital to the process of cellular invasion (12) . MMP-1/interstitial collagenase has a specificity for type I collagen, the primary collagen of the interstitial matrix (13) , although it has been shown to degrade collagen types II, III, VII, and X (13) . Studies using antisense mRNA against MMP-1 in melanoma cells have shown a significant attenuation in the capacity of these cells to invade type I collagen and Matrigel in vitro (14) . Moreover, the expression of MMP-1 has been shown to be a definitive prognostic marker for breast lesions that will develop into cancer and (15) and suggests that the expression and regulation of MMP-1 may be important in malignancy.
Studies from this and other laboratories have shown that the Sod2-dependent production of H 2 O 2 leads to increased expression of MMP family members and that there is a strong correlation between this increase in MMP levels and enhanced metastasis (11, (16) (17) (18) (19) . Interestingly, the Sod2-dependent increases in MMP expression can be reversed by the H 2 O 2 -detoxifying enzyme CAT or glutathione peroxidase (16) (17) (18) . Thus, Sod2-dependent upregulation of MMPs may, in part, contribute to increased invasion and metastatic capacity of tumors displaying elevated Sod2 levels (16, 18) .
In this study, we tested the hypothesis that the Sod2-dependent production of H 2 O 2 can influence the invasive and migratory properties of tumor cell lines. We used both in vitro and in vivo methods to examine the role of Sod2 in invasion and migration. Our findings suggest that increases in mitochondrial H 2 O 2 by Sod2 can enhance the invasive and migratory properties of tumor cells and that efficient H 2 O 2 detoxification may restrict the metastatic phenotype.
Materials and Methods
Cell culture and reagents. Human HT-1080 fibrosarcoma and 253J transitional bladder carcinoma cell lines were maintained in MEM containing 10% FCS, 1,000 units/mL penicillin, and 500 Ag/mL streptomycin in a 37jC incubator containing 5% CO 2 . Recombinant Sod2 and catalase plasmid constructs were synthesized and transfected as previously described (20, 21) . Briefly, HT-1080 cells were transfected with the pEGFPN1-MnSOD construct (provided by Dr. Sonia Flores, Webb-Waring Institute for Cancer, Aging, and Antioxidant Research, University of Colorado Health Science Center, Denver, CO) using LipofectAMINE Plus reagent according to the manufacturer's specifications and cells were cultured in selective medium containing 1 mg/mL neomycin. The catalytically inactive mutant of Sod2 (DSod2) was previously described and characterized by Nelson et al. (22) . Cells were sorted based on green fluorescent protein (GFP) fluorescence as described by Connor et al. (23) .
Wound healing assay. Cells were grown to confluence and wounded by dragging a 1-mL pipette tip through the monolayer. Cells were washed to remove cellular debris and allowed to migrate for 24 h. Images were taken at time 0 and 24 h post-wounding under a Nikon Diaphot TMD inverted microscope (20Â). The relative distance traveled by the leading edge from 0 to 24 h was assessed using Photoshop 7.0 software (n = 6).
Transwell invasion assay. Biocoat Matrigel invasion chamber inserts (BD Biosciences) were equilibrated for 2 h at 37jC in serum-free medium. GFP, Sod2-GFP lo , and Sod2-GFP hi stably expressing cell lines were seeded at a density of 2.5 Â 10 4 per well in serum-free medium in the upper chamber of the insert and cells were allowed to invade through the Matrigel for 22 h at 37jC with 5% CO 2 , using medium containing 10% fetal bovine serum (FBS) in the lower chamber as a chemoattractant. Following migration, cells were washed with PBS and fixed with 3% formaldehyde/PBS for 15 min. Following washing with PBS, cells in the upper chamber were removed with a cotton swab and cells on the bottom surface of the filter were rinsed and permeabilized with 1% Triton X-100 in PBS for 20 min. Cells were stained with Hoechst 33258 (1 Ag/mL) for 30 min in the dark and visualized under a fluorescent microscope. Three random fields were captured at Â10 magnification (n = 3).
Vinculin/focal contact staining. Cells were prepared and stained, and images were analyzed essentially as described by Dabiri et al. (24) . In brief, cells were maintained in complete medium, grown to subconfluence, washed, formaldehyde fixed, permeabilized, and blocked with 2% bovine serum albumin (BSA). All primary and secondary antibodies were diluted in 2% BSA/PBS as previously described.
In vivo metastatic xenograft model. Sod2-GFP-positive cells (1 Â 10 6 ) were injected into the tail veins of male NCR athymic mice at 3 to 4 weeks of age (Taconic). Two months postinjection, mice were sacrificed and cross sections of lungs viewed under a fluorescent microscope to visualize GFP-positive pulmonary tumor nodules. Pulmonary tumor nodules were also resected from lungs and placed into cell culture. A sublayer of tumor cells was allowed to grow from the resected tumor and then photographed under a fluorescent microscope. Lung tissue harvested from nude mice was rapidly frozen in optimum cutting temperature embedding compound (Triangle Biomedical) and stored at À70jC until cryosections (f10 mm) were collected on gelatinized slides. All slides/ coverslips were washed twice in PBS and then incubated in 3.7% formaldehyde at 37jC for 10 min.
Time-lapse video microscopy. Stably transfected Sod2-GFP cells were injected into the tail veins of nude mice as described above. Pulmonary metastatic nodules were resected and brightly GFP fluorescing nodules allowed to grow in culture in MEM supplemented with 10% FBS, 1,000 units/ mL penicillin, 500 Ag/mL streptomycin, and 1 mg/mL neomycin in a 37jC incubator containing 5% CO 2 . After a week of growth in culture, the migratory capacity of the cells at the leading edge of the outgrowth of cells underlying the tumor nodule was monitored for 24 h. HEPES (25 mmol/L, pH 7.3) was added to the media to maintain pH. Phase-contrast, epifluoresence, and time-lapse video microscopic analyses of live cells were conducted with an Olympus I Â 70 inverted microscope at low magnification using a 10Â dry objective lens. Images were captured using a Peltier cooled chargecoupled device Cooke SensiCam High Performance camera (Cooke Corporation) and Image ProPlus software (Media Cybernetics). Live transfected cells overexpressing GFP constructs were located by fluorescence and imaged by time-lapse video phase-contrast microscopy to document the movement of cells from the underlying monolayer of the resected tumor nodule. Digital time-lapse videos of cells were recorded with images collected at 10-min intervals over a period of 24 h. The distance moved by the cells was measured using ImageJ software. Cells were sorted based on fluorescence intensity. Nine brightly and nine dimly fluorescing cells were selected and their paths were traced through x and y coordinates within the imaging field. Relative distance migrated was calculated using the following formula:
, where x and y indicate coordinates measured at each indicated time interval (t). Statistical analysis was conducted using the two-sample t test with a 95% confidence interval. MMP-1 immunoprecipitation and immunoblotting. Control (CMV) and Sod2-overexpressing cells were grown to confluence and media analyzed for MMP-1 protein expression by Western blotting. Complete media from the cells were normalized to cell count and resuspended with 50 AL of heparin sepharose beads (Amersham Pharmacia Biotech) overnight at 4jC in a rotating incubator. The MMP-1-conjugated beads were centrifuged at 1,000 rpm for 5 min and boiled for 5 min with HBSS and 5Â loading dye containing 5% 2-mercaptoethanol. The beads were again centrifuged and the supernatant was loaded on a 10% PAGE and transferred onto a nitrocellulose membrane (Bio-Rad) at 100 V for 1 h. The membranes were blocked with primary monoclonal MMP-1 antibody (R&D Systems) at 1:400 in TBS containing 0.1% Tween 20 and 5% milk, washed, and then incubated with secondary antibody (horseradish peroxidaseconjugated antimouse immunoglobulin) at 1:4,000 for 1 h at room temperature (Amersham Pharmacia Biotech). Protein detection was done by the addition of Pierce SuperSignal Chemiluminescent Substrate for 5 min and the immunoblot was exposed to Kodak MS radiographic film (Kodak).
MMP-1, tissue inhibitor of metalloproteinase-1, and tissue inhibitor of metalloproteinase-2 real-time reverse transcription-PCR. RNA was extracted as previously described (25) cycle 3, 95.0jC for 1 min; cycle 4, PS jC for 1 min; and cycle 5, 80 cycles of PS jC for 10 s. Melting curve data were collected and analyzed with the MyiQ software. Each experiment was done in triplicate and normalized to h-actin. To determine the quantity of the target gene-specific transcripts present in cells, their respective C t values were first normalized by subtracting the C t value obtained from the h-actin control (DC t = C t, target À C t, control ). The relative concentration of gene-specific mRNA was determined using the formula 2 ÀDDC t , where ÀDDC t = DC t(sample) À DC t(h-actin) .
Sod zymography. The determination of Sod activity was done as previously described (26) . Briefly, the indicated cell lines were lysed and 10 Ag of whole-cell lysates were separated on a 10% nondenaturing PAGE for f2 h at 110 V. The gel was incubated in 0.125 mmol/L nitroblue tetrazolium, 0.4 Amol/L riboflavin, 0.075 mmol/L TEMED, and 50 mmol/L potassium phosphate (pH 7.8)/0.1 mmol/L EDTA for 15 min in the dark. The gel was rinsed in water and exposed to light to visualize the bands representing Sod activity.
Statistical analysis. ANOVA with a = 0.05 was used for processing the data. A two-sample t test was used as posttest unless otherwise indicated.
Results
Sod2 promotes wound closure and is H 2 O 2 dependent. Migration and invasion present two important aspects that lead to the ability of cancer cells to form metastases. In an effort to further characterize the role of Sod2 in aiding metastasis, we investigated the role of Sod2 in migration using a classic wound healing assay. Whereas overexpression of a mitochondrially-targeted GFP construct failed to promote sheet migration of HT-1080 cells into the monolayer wounds, Sod2-GFP-expressing cells displayed enhanced migration and closure of the wound in the same 24-h time frame (Fig. 1A) Fig. 1B and C) , whereas a catalytically inactive mutant of Sod2 (DSod2) had no effect on cellular migration when stably transfected in HT-1080 cells (Fig. 1D) . Coexpression of CAT resulted in abrogation of the Sod2-dependent increase of wound closure (Fig. 1C) , displaying a lack of migration similar to that of the control cells. Cells overexpressing only CAT showed a similar rate of wound closure as control cells (data not shown). This suggests that H 2 O 2 production is required for the promigratory effects observed following Sod2 overexpression.
Sod2 augments cell invasion. A critical component of tumor metastasis is invasion of the tumor cell through the basement membrane and into the surrounding stroma. To evaluate the role of increased Sod2 expression in tumor cell invasion, we used a transwell invasion assay. Cells with low and high levels of Sod2-GFP fusion protein (Sod2-GFP lo and Sod2-GFP hi ) were allowed to invade through a Matrigel matrix using medium supplemented with FBS as the chemoattractant. The HT-1080 Sod2-GFP-expressing cells have previously been characterized in vitro and were shown to display Sod2-GFP fluorescence that is directly correlated with the level of intracellular Sod2 activity (23) . Sod2-GFP lo and Sod2-GFP hi expressing HT-1080 cells were shown to display f2.5-and 4.4-fold higher Sod activity, respectively, compared with GFP only-expressing control cells, according to Sod zymography activity assay (23) . The levels of Sod2 expression correlated with an increase in the invasive properties of these cell lines ( Fig. 2A) . These data suggest that increases in Sod2 expression may play a key role in the acquisition of the ability to invade basement membrane barriers. The ability of Sod2 overexpression to modulate invasion is not restricted to HT-1080 fibrosarcoma cell lines and was also observed in 253J transitional bladder carcinoma cells (Fig. 2B) . In addition, the proinvasive phenotype following Sod2 expression in the bladder carcinoma cells was similarly reversed by coexpression of CAT, showing that the invasion mediated by Sod2 in 253J cells is H 2 O 2 dependent.
Sod2 expression leads to a loss of focal adhesions. To further characterize the cellular phenotype associated with Sod2-induced migration, the morphologic changes in redox-engineered cells were investigated. Compared with vector only-transfected cells (CMV), HT-1080 cells expressing Sod2 displayed a more spindle-like morphology, with visible protrusions suggestive of lamellipodia (Fig. 3) . This morphologic change was further highlighted when assessing the presence of focal adhesions by immunofluorescent staining for vinculin. HT-1080-CMV cells exhibited broadly distributed focal adhesions, indicative of adherent nonmotile cells, whereas HT-1080-Sod2 cells exhibited a striking loss of this wide vinculin staining (Fig. 3) . Some cells expressing Sod2 exhibited limited but targeted staining for vinculin at distinct regions indicative of leading edge focal complexes, which is a common feature of migrating cells (Fig. 3, arrow) . On coexpression of CAT, this phenotype was reversed, with clear vinculin staining similar to that observed in the control cells (Fig. 3) , suggesting that the loss of focal adhesions is H 2 O 2 dependent.
Enforced Sod2-GFP expression promotes lung metastasis and is retained in isolated tumor cells from metastatic lesions. Previous in vivo studies have shown that the metastatic capacity of HT-1080 fibrosarcoma cells is enhanced when Sod2 is overexpressed (16) . To further characterize the phenotypic changes that contribute to this increase in metastatic potential, the in vivo metastatic capacity of a stable population of Sod2-GFP-overexpressing HT-1080 fibrosarcoma cells was monitored. The cells were tail vein injected into nude mice and lung cryosections analyzed for GFP fluorescence when mice were sacrificed 2 months postinjection, providing a useful tool for the visualization of intrapulmonary micrometastases derived from single tumor cells (Fig. 4A ). Mice injected with Sod2-GFP-transfected HT-1080 cells presented with multiple intrapulmonary metastatic lesions surrounding pulmonary blood vessels (Fig. 4A) . On sacrifice, several tumor nodules from the mice were resected and placed in cell culture. The tumor nodules retained high GFP intensity after growth in cell culture (Fig. 4B) and displayed a subpopulation of cells growing from underneath the tumor nodule, many of which displayed bright fluorescence (Fig. 4C) . Any nonfluorescent cells that were observed likely represent stromal cells that were recovered when the tumor nodule was isolated. These data indicate that after 3 months in vivo, cells retain high levels of Sod2-GFP expression with no apparent growth defect either in vivo or in vitro and seem to maintain their promigratory phenotype.
Sod2-enhanced migration is retained in HT-1080 lung metastases. To assess whether isolated tumor cells from pulmonary metastases, which retained Sod2-GFP expression in vivo, maintain a promigratory phenotype, the movement of the leading edge of cells that were observed to migrate from the tumor nodule was evaluated by time-lapse video microscopy. Figure 5A represents images clearly displaying a movement of cells at the leading edge over a 24-h time frame (see video, Supplementary data). It was observed that the cells of the leading edge represented a nonuniform population with respect to Sod2 expression as assessed by GFP fluorescence. Therefore, it was possible to discriminate between cells expressing high levels of Sod2 (displaying bright GFP fluorescence) and low levels of Sod2 (displaying dim GFP fluorescence) and assess any differences that levels of Sod2 expression play on migration in these cells. The migratory activities of both bright and dim Sod2-GFP fluorescing cells were monitored over a 24-h time period (Fig. 5B) , and it was observed that compared with the dim GFP cells, the bright cells showed higher activity of movement and traveled significantly farther (Fig. 5B and C) . This further highlights that Sod2 enhances the migratory properties of HT-1080 cells, which seems to be dependent on Sod2 expression levels.
Pulmonary metastases retain high MMP-1 expression in vivo. Overexpression of Sod2 is associated with elevations in MMP-1 mRNA and protein production (16, 27) . Analyzing MMP-1 production from cells that were sorted based on the levels of GFP fluorescence, it was found that low and high Sod2-expressing cell populations displayed increased MMP-1 expression, whereas GFP only-expressing cells showed no changes in MMP-1 expression compared with nontransfected cells (Fig. 6A) . Accordingly, the high Sod2-GFP overexpressing cells had higher expression of MMP-1 than the low Sod2-GFP overexpressing cells, suggesting tight regulation of Sod2 on MMP-1 expression. This increase in MMP-1 levels was also observed in isolated pulmonary metastatic lesions derived from tail vein injections of Sod2-expressing HT-1080 cells (Fig. 6B) . These data indicate that high Sod2 and MMP-1 gene expressions are maintained in vivo, aiding basement membrane degradation to further facilitate the formation of pulmonary metastatic lesions.
Further, this increase in MMP-1 levels following overexpression of Sod2 was shown to be a H 2 O 2 -dependent effect. Expression of MMP-1 was previously shown to be unaffected by overexpression of a catalytically inactive form of Sod2 (22), and real-time reverse transcription-PCR (RT-PCR) data from redox engineered cell lines show that overexpression of CAT and mitochondrially targeted CAT significantly decreases the induced MMP-1 expression observed in Sod2-GFP hi HT-1080 cells (Fig. 6C) . Contrary to the striking effects on MMP-1 mRNA levels on CAT overexpression, levels of tissue inhibitors of metalloproteinases (TIMP-1 and TIMP-2) were only marginally affected by CAT (Fig. 6C) , suggesting that the effects on MMP-1 expression are primarily due to direct effects of Sod2 via H 2 O 2 on MMP-1 transcription.
Discussion
ROS have long been associated with neoplastic transformation either by alterations resulting in mutagenic DNA sequence changes or through activation of oncogenes and/or the inactivation of tumor suppressor genes (28) (29) (30) . Additional to these events is the inherent ability of the tumor to maintain an increased free radical load without succumbing to the toxicity associated with ROS production (31, 32) . This increased free radical load may arise either from a decrease in the ability of cells to detoxify ROS or from an increase in their ROS-generating capacity. In recent years, it has become more evident that ROS are not merely toxic by-products of metabolism but also serve an important regulatory role in numerous oncogenic signaling pathways (8, 29, 33, 34) .
In vitro studies have shown that a number of cancer cells contain elevated levels of Sod and that this correlates with increased metastasis, proliferation, and resistance to apoptosis (16, (35) (36) (37) . In addition, a reduction in CAT activity has been shown to correlate with an increase in the malignant phenotype (34) . Mice that are deficient in their ability to detoxify H 2 O 2 , as a result of the loss of the antioxidant enzyme CAT, develop spontaneous mammary tumors at an early age relative to control mice (38) . These observations are consistent with the finding that steady-state H 2 O 2 levels are increased in many tumor cell lines, representing a variety of tissue types (23, 32, 39, 40) .
It has become clear that manipulating the cellular redox state with Sod2 can have diverse effects on the malignant phenotype depending on the level of redox modulation, the tumor cell line being studied, the underlying oncogenic mutation, and the stage of disease progression. Thus, it is difficult to predict how tumors will respond to increases in steady-state production of H 2 O 2 due to their heterogeneic makeup. The idea that increases in Sod2 potentiate the malignant phenotype contradicts many reports showing that Sod2 is a putative tumor suppressor. The role of Sod2 as a tumor suppressor is based on studies from numerous groups indicating that the levels of Sod2 are low in tumor tissue when compared with normal tissue, and is further substantiated by the ability of Sod2 overexpression to inhibit the growth of many tumor cell types both in vitro and in vivo. We refer the reader to comprehensive reviews on this topic (39, 40) . In addition, Sod2-plasmid liposomes have been shown to be effective in enhancing the killing of orthotopic lung and oral tumors in response to ionizing radiation while protecting normal tissue (41, 42) . Epperly et al. (41) have shown that squamous cell carcinomas are much more susceptible to toxicity of H 2 O 2 than are primary fibroblast cultures. The authors also show that the antioxidant scavenging pool is more severely depleted in tumor tissue relative to normal tissue in response to Sod2-plasmid liposome treatment and irradiation. It is likely that increases in oxidant production in response to ionizing radiation and Sod2 may reach a threshold that exceeds the oxidant scavenging capacity of the tumor, leading to its demise. Our findings indicate that modulating the steady-state production of H 2 O 2 , below a toxic threshold, through antioxidant enzyme manipulation can affect the migratory capacity of tumor cells and their ability to modify the extracellular matrix microenvironment. Alterations in the rate of H 2 O 2 production to that of its removal may be correlated with the development of malignant disease. In agreement with this observation, we show that Sod2-GFP-expressing cells leaving the leading edge of isolated pulmonary metastatic lesions are more migratory. We have previously shown that in cells expressing Sod2-GFP, GFP fluorescence intensity correlates with Sod2 activity (21, 23) , and it is evident in the present study that the level of migration was correlated to the amount of Sod2 activity in these cells.
An integral part of migration and adhesion is the dynamic rearrangement of focal adhesion complexes in the cell. In the present study, we observed a loss of globally distributed mature focal adhesions, yet observed the presence of focal complexes in our motile redox engineered cells, implicating Sod2 in the disruption of mature focal adhesion formation, yet contributing to active remodeling of focal complexes of the lamellipodia required for migration. It has been shown that ROS modulate Rac and Rho signaling, which are important regulators of cytoskeletal dynamics, contributing to a loss of adhesion and a transition to a migratory phenotype (3, 5, 43) .
The ability of tumor cells to migrate and invade through the extracellular matrix is, in part, attributed to its ability to remodel and degrade the extracellular matrix. MMPs have been shown to play an important role in extracellular proteolysis, facilitating migration and invasion, and have been extensively associated with tumor progression and metastasis (11) (12) (13) . Previously, we showed that Sod2 expression increased MMP levels and that this corresponded with increased invasiveness (16) . Therefore, we sought to further identify a potential correlation between the Sod2 status of these cells and their invasive phenotype including MMP-1 protein expression. In tumor nodes resected from mice, elevated Sod2 expression was associated with an increase in MMP-1 levels when compared with control cells. In addition, in Sod2-GFP cells sorted based on GFP fluorescence, MMP-1 activity corresponded to increases in Sod2 activity. Figure 5 . Quantification of time-lapse video microscopy. A, resected pulmonary tumor nodule from a nude mouse was allowed to grow in culture and cells at the leading edge of the tumor were analyzed for movement. Representative phase-contrast (PC), fluorescent (GFP), and merged images of Sod2-GFP cell movement at zero, 12-, and 24-h time points (see Supplementary video for movement over a 24-h period). B, migration of nine dimly and nine brightly fluorescing cells were tracked during time-lapse video microscopy for 24 h. Fluorescing cells were tracked for movement through the x and y coordinates using Image J software. C, brightly fluorescing cells display statistically more movement through the x and y coordinates than do dim fluorescing cells. *, P V 0.05.
The Sod2 polymorphism at codon 16, which converts a valine to alanine in the mitochondrial targeting sequence of the protein, has been linked to clinically significant increases in both breast and prostate cancers in populations with a poor dietary antioxidant status (9, 10, 44) . The Val!Ala transition alters the secondary structure of the protein, allowing for more efficient mitochondrial import and an increase in activity (45, 46) . In heavy smokers, the Ala polymorphism is significantly associated with increased risk of developing high-grade prostate tumors (44) . It has been hypothesized that deficiencies in nutritional antioxidants may exacerbate damage associated with the increased production of H 2 O 2 resulting from the enhanced activity of Sod2. A variety of epidemiologic studies have also linked increases in Sod2 levels, independent of polymorphism, with significant increases in colon, gastric, lung, and breast cancers, as well as mesothelioma and glioblastoma (7, 39, (47) (48) (49) (50) (51) . Of these studies, the increases in Sod2 activity or mRNA from tumor to normal tissue vary. Ray et al. (7) reported a 1.66-fold increase in Sod activity from patients with stage II, which remained high in both stage III and IV disease. Toh et al. (51) reported 2.19-and 3.72-fold increases in Sod2 mRNA expression relative to normal tissue in gastric and colorectal cancers, respectively. Oncomine analysis reveals a consistent, statistically significant (P < 0.01) increase in Sod2 mRNA levels, which correlates with tumor stage and grade in brain, breast, bladder, and lung cancers. 5 Our findings indicate that a 2-to 4-fold increase in Sod2 activity, which is representative of changes in the human population, is sufficient to enhance the migratory phenotype (Fig. 2C ) and increase MMP-1 expression (Fig. 6A ) in HT-1080 fibrosarcoma cells. Thus, there exists a strong association between disease incidence, poor prognosis, and levels of Sod2. Our findings provide mechanistic insight into the epidemiologic link between enhanced Sod2 activity and poor prognosis in many patient cancers. Increases in Sod2 activity enhance the invasive and migratory phenotype of tumor cells in a H 2 O 2 -dependent fashion. In addition, the Sod2-dependent production of H 2 O 2 increases the expression of the matrix-degrading metalloproteinase MMP-1, which can alter the tumor/stromal microenvironment and thus create a permissive environment for metastatic disease. Overall, these findings suggest that effective and targeted H 2 O 2 detoxification may serve to prevent activation of the molecular triggers that drive the invasive/migratory phenotype.
